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ABSTRACT 
In this paper, an analytical study on unsteady MHD free convective viscous incompressible flow of electrically-
conducting fluid with periodic heat and mass transfer past an infinite vertical porous flat plate in slip flow regime is 
presented.  A uniform magnetic field perpendicular to the plate is  applied. The effects of thermal radiation and 
chemical reaction are included. The effects of flow parameters and thermo physical  properties on the flow, 
temperature and concentration fields across the boundary layer are investigated. The forms of the wall shear stress, 
Nusselt number and Sherwood number are derived. The results are shown in figures and tables followed by a 
quantitative discussion. 
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1.  INTRODUCTION  
Process involving coupled heat and mass transfer occur 
frequently in nature.  It occurs not only due to 
temperature difference, but also due to concentration 
difference or the combination of these two. The effect 
of chemical reaction depends on whether the reaction is 
heterogeneous or homogeneous. In nature, the presence 
of pure air or water is not possible. Some foreign mass 
may be present either naturally or mixed with air or 
water. The presence of foreign mass in air or water 
causes some kind of chemical reaction. The study of 
such type of chemical reaction processes is useful for 
improving a number of chemical technologies, such as 
food processing, polymer production and 
manufacturing of ceramics or glassware. Chambre and 
Young (1958) analyzed the effect of homogeneous first 
order chemical reactions in the neighborhood of a flat 
plate for destructive and generative reactions. Das et al. 
(1994) studied the effect of first order reaction on the 
flow past an impulsively started infinite vertical plate 
with uniform  heat flux and mass transfer.  Anjalidevi 
and  Kandasamy (2000)  investigated the effect of 
chemical reaction on the flow in the presence of heat 
transfer and magnetic field.  Muthucumaraswamy  and 
Ganesan (2001) studied the effect of chemical reaction 
on unsteady flow past an impulsively started infinite 
vertical plate. Raptis and Perdikis  (2006)  studied 
numerically the steady two-dimensional  flow in the 
presence of chemical reaction over a non-linearly semi-
infinite   stretching  sheet. Moreover  chemical  reaction  
 
 
 
effects on heat and mass transfer laminar boundary 
layer flow have been studied by several scholars e.g. 
Chamkha  (2003), Kandasamy et al.  (2005), Afify 
(2004), Takhar et al. (2000), and Mansour et al. (2008) 
etc. 
 
Radiative convective flows are encountered in countless 
industrial and environment processes e.g. heating and 
cooling chambers, fossil fuel combustion energy 
processes, evaporation from large open water 
reservoirs, astrophysical flows, solar power technology 
and space vehicle reentry.  Radiative heat and mass 
transfer play an important role in manufacturing 
industries for the design of reliable equipment.  Nuclear 
power plants, gas turbines and various propulsion 
devices  for air craft, missiles, satellites and space 
vehicles are examples of such engineering applications. 
Loganathan et al.  (2008)  studied  first order chemical 
reaction on moving vertical plate for optically thin gray 
gas.  Raptis and Perdikis (2003) investigated the effects 
of thermal radiation on a moving vertical plate in the 
presence of mass diffusion.  Sharma  et al.  (2008) 
analyzed radiation effects on steady free convective 
flow along a moving vertical porous plate in the 
presence of magnetic field and heat source / sink. 
 
In many practical applications, the particle adjacent to a 
solid surface no longer takes the velocity of the surface. 
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along the surface. The flow regime is called slip-flow 
regime and this effect cannot be neglected. Using these 
assumptions Sharma and Chaudhary (2003) and Sharma 
and Sharma  (2004)  have also discussed the free 
convection flow past a vertical plate in slip-flow regime 
and also discussed its various applications for 
engineering purpose. Numerous authors have studied 
free convection problems in slip-flow regime e.g. 
Sharma (2005), Mansour et al. (2007), Jain and Gupta 
(2007) and Jothimani and Anjalidevi (2001) etc.  
    
The objective of the present paper is to investigate the 
effects of radiation and first order chemical reaction on 
an  unsteady MHD free convective heat and mass 
transfer flow past a vertical porous flat plate in slip-
flow regime when suction velocity oscillates in time 
about a non-zero constant mean because in actual 
practice temperature, species concentration and suction 
velocity may not always be uniform.  
2.  MATHEMATICAL ANALYSIS 
We consider an unsteady MHD free convective flow of 
a viscous, incompressible, electrically conducting, 
thermally radiating and chemically reacting fluid past 
an infinite vertical porous flat plate in slip-flow regime 
with periodic temperature and concentration. The 
suction velocity is assumed to be of the form  


 

 ∈ + − =
∗ ∗ ∗ ∗ t i Ae v v ω 1 0 , 
where 
∗
0 v   is the mean suction velocity, 
∗ ω is the 
frequency of oscillation, 
∗ t is the time, A  is a positive 
real constant and ∈ is small such that  1 ∈<< A  .We 
introduce a co-ordinate system with wall lying 
vertically in 
∗ ∗ − y x plane. The  −
∗ x axis is taken in 
vertical upward direction along the vertical porous plate 
and  −
∗ y axis is taken normal to the plate. A magnetic 
field  0 B  of uniform strength is introduced normal to 
the  plane of the plate. Since the plate is considered 
infinite in  −
∗ x direction, hence all physical quantities 
will be independent of
∗ x . Under these assumptions the 
physical variables are functions of 
∗ y  and 
∗ t  only.  
   
We further assume that (i) the magnetic Reynolds 
number is small so that the induced magnetic field is 
negligible in comparison to the applied magnetic field, 
(ii) the fluid is considered to be gray; absorbing – 
emitting radiation but a non-scattering medium,  (iii) 
viscous dissipation and   Joule  heating  terms are 
neglected as small velocity usually encountered in free 
convection flows,  (iv) no external electric field is 
applied and effect of polarization of ionized  fluid  is 
negligible, therefore electric field is assumed to be zero, 
(v) there exists a first order chemical reaction between 
the fluid and species concentration,  (vi) the level of 
species concentration is very low so that the heat 
generated during chemical reaction can be neglected. 
 
Using the Boussinesq and boundary –  layer 
approximation, the governing equations for this 
problem can be written as follows: 
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where , , , , 0
* * B C T g ρ υ σ , , , , , P C k D , , , c β β ∗ q  
and  1 K   are acceleration due to gravity, fluid 
temperature, species concentration, magnetic field, 
chemical molecular diffusivity, electrical conductivity, 
thermal conductivity, specific heat at constant pressure, 
kinematic viscosity, density, coefficient of volume 
expansion for heat transfer, volumetric coefficient of 
expansion with species concentration, radiative heat 
flux and chemical reaction parameter, respectively. 
The boundary conditions of the problem are 




 



∞ → → → →
=



 


− ∈ + =
− ∈ + = 







∂
∂
=
∞ ∞
∞
∞ ∗
∗
∗
∗ ∗
∗ ∗
y as C C T T u
y at
e C C C C
e T T T T
y
u
L u
t i
t i
* * * * *
* *
0
*
0
*
* *
0
*
0
* *
, , 0
0
) (
) ( ,
ω
ω
(4) 
where  ∗
0 T  and  ∗
∞ T  are the temperature at the wall and 
at infinity,  *
0 C  and  *
∞ C  are the species concentration at 
the wall and at infinity, respectively. 
 
The local radiant for the case of an optically thin gray 
gas is expressed by 


 

 − − =
∂
∂
∞
∗ 4 4 * * * *
* 4 T T a
y
qr σ ,         (5) 
where  * a  is the mean absorption coefficient and  * σ  is 
Stefan – Boltzmann constant. 
 
We assume that the temperature differences with in the 
flow are sufficiently small such that 
4 * T   may be 
expressed as a linear function of the temperature.  This 
is accomplished by expanding 
4 * T  in a Taylor series 
about  *
∞ T  and neglecting higher-order terms, thus 
4 3 4 * * * 3 4 ∞
∗
∞ − ≅ T T T T .          (6) 
By using Eqs. (5) and (6), Eq. (2) reduces to 
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Introducing the following non-dimensional parameters 
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The boundary conditions  to the problem in 
dimensionless form are  
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3.  SOLUTION OF THE PROBLEM 
Assuming the small amplitude oscillations( ) 1 ∈<< , we 
can represent the velocityu , temperature θ   and 
concentration φ  near the plate as follows: 
t i e y F y F t y F ω ) ( ) ( ) , ( 1 0 ∈ + = ,       (12) 
where  F  stands foru ,  θ  and  φ .  Then substituting 
Eq.  (12)  into  Eqs.  (8)  to  (10)  and  equating the 
coefficients of harmonic and non-harmonic terms, we 
get 
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Solving Eqs (13) to (18) under the boundary conditions 
(19), we get 
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With convention that real part of complex quantities has 
physical significance in the problem, from Eq. (12) the 
velocity, temperature and concentration profiles can be 
expressed in fluctuating part as  
[ ] t F t F y F t y F i r ω ω sin cos ) ( ) , ( 0 − ∈ + = ,     (26) 
where  i r F i F F + = 1  
Hence we can obtain the expressions for the transient 
velocity,  temperature  and concentration  profiles  for 
2
π
ω = t  as i F y F y F ∈ − = 

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
 ) (
2
, 0 ω
π
.                       (27) 
Skin-friction:  Knowing the velocity field, the 
expression for the skin-friction coefficient at the plate 
in the  −
* x direction is given by: 
0 =
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Nusselt number: From the temperature field, the rate of 
heat transfer coefficient in terms of the Nusselt number 
Nu  at the plate is given by 
0 =
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
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Sherwood number: From the concentration field, the 
rate of mass transfer coefficient in terms of the 
Sherwood number Sh  at the plate is given by  
0 =
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

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

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y y
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φ
.                                                     (30) 
4.  RESULTS AND DISCUSSION 
The numerical values of the transient velocity, transient 
temperature, coefficient of skin-  friction,  Nusselt 
number  and Sherwood number  are computed for 
different parameters like thermal Grashof number, mass 
Grashof number,  Hartmann number, Prandtl number, 
slip parameter, Schmidt number, frequency parameter, 
chemical reaction parameter and radiation parameter. 
To be realistic the two values of the Prandtl 
number Pr as 0.71 and 7.00 are chosen to represent air 
and water respectively.  The values of the Schmidt 
number  Sc   are chosen to represent the presence of 
various species,  Carbon dioxide ( ) 94 . 0 = Sc   and 
Oxygen( ) 60 . 0 = Sc . The values of other parameters are 
chosen arbitrarily 
   
The transient velocity profiles are shown in Fig.1. It is 
observed from Fig.1  that  velocity increases with the 
increase of thermal Grashof number, mass Grashof 
number, slip parameter and frequency of fluctuations, 
however, Hartmann number, Prandtl number, Schmidt 
number and radiation parameter have opposite effect on 
velocity profiles. It is also clear from Fig.1 that velocity 
decreases when there is no slip parameter. 
 
Fig. 1.   Transient velocity for  , 5 . 0 , 2 . 0 = = A γ  
2
, 1 . 0
π
ω = ∈= t . 
 
Fig. 2. Effect of chemical reactions on transient 
velocity for 5 . 0 ,
2
, 1 . 0 = = ∈= A t
π
ω . 
 
Figure  2  shows  the effect of chemical reaction on 
velocity profiles. It is clear from this figure that velocity 
decreases  for destructive chemical reactions ( 0 > γ ) 
and increases for generative chemical reactions ( 0 < γ ). 
The numerical values of skin-friction coefficient at the 
plate are shown in Table 1 and Table 2. It is clear from 
these Tables that coefficient of skin-friction increases 
with the increase of thermal Grashof number, mass 
Grashof number and frequency  of fluctuations, K.D. Singh and R. Kumar / JAFM, Vol. 4, No. 4, pp. 101-106, 2011.  
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however,    Hartmann number, Prandtl number,  slip 
parameter,  Schmidt number and radiation parameter 
have opposite effect on the coefficient of skin-friction. 
It is interesting to note that coefficient of skin-friction 
increases  when there is no slip parameter.  It is also 
observed from Table 2  that skin-friction coefficient 
decreases  for destructive chemical reactions ( 0 > γ ) 
and increases for generative chemical reactions ( 0 < γ ). 
 
Table 1 Values of skin-friction coefficient at the plate 
when 1 . 0 ∈= ,
2
π
ω = t , 5 . 0 = A ,  60 . 0 = Sc ,  2 = R , 
2 . 0 = γ , and  5 = ω  . 
Gr   Gm   M   h   Pr   fx C  
2  2  1  0.2  0.71  1.7831 
4  2  1  0.2  0.71  2.4254 
 2  4  1  0.2  0.71  2.9239 
2  2  2  0.2  0.71  0.9893 
2  2  1  0.4  0.71  1.4468 
2  2  1  0  0.71  2.3370 
2  2  1  0.2  7.00  1.3335 
 
Table 2  Values of skin-friction coefficient at the plate 
when  1 . 0 ∈= ,
2
π
ω = t ,  5 . 0 = A   2 = Gr ,  2 = Gm , 
1 = M  ,  2 . 0 = h  and  71 . 0 Pr = . 
Sc   R   γ   ω   fx C  
    0.60  2  0.2  5  1.7831 
0.94  2  0.2  5  1.5471 
0.60  5  0.2  5  1.6197 
0.94  2  0  5  1.6439 
0.94  2  -0.2  5  1.8666 
0.60  2  0.2  10  1.7870 
 
The temperature profiles are presented in Fig. 3. From 
this  figure  it is observed that temperature decreases 
with the increasing radiation parameter and increases 
with the increasing frequency of fluctuations for 
71 . 0 Pr =  and 00 . 7 Pr = . 
 
Fig. 3. Transient temperature for 
5 . 0 ,
2
, 1 . 0 = = ∈= A t
π
ω . 
The numerical values of Nusselt number  Nu   are 
presented in Table 3. It is clear from this Table that 
Nusselt number increases with the increasing radiation 
parameter and decreases with the increase of frequency 
of fluctuations for  71 . 0 Pr =  and 00 . 7 Pr = . 
The concentration profiles are presented in Fig. 4. It is 
observed from this figure that concentration decreases 
with the increase of Schmidt number and increases with 
the increasing frequency of fluctuations. It is also clear 
from Fig. 4 that concentration decreases for destructive 
chemical reactions ( 0 > γ ) and increases for generative 
chemical reactions ( 0 < γ ). 
 
Fig. 4.    Transient concentration for 
5 . 0 ,
2
, 1 . 0 = = ∈= A t
π
ω . 
Table 4 Values of Sherwood number  Sh  at the plate 
when 5 . 0 ,
2
, 1 . 0 = = ∈= A t
π
ω . 
Sc   γ   ω   Nu  
0.94  0.2  5  1.7875 
0.94  0  5  2.6005 
0.94  -0.2  5  1.7602 
0.60  0.2  5  7.2104 
0.60  0.2  10  7.5890 
 
The numerical values of Sherwood number  Sh   are 
presented in Table 4. It is observed from this Table that 
Sherwood number increases for destructive chemical 
reactions ( 0 > γ ) and decreases for generative chemical 
reactions ( 0 < γ ). It is also clear from Table 4  that 
Sherwood number increases due to an increase in 
Schmidt number and decreases due to an increase in 
frequency of fluctuations. 
 
5.  CONCLUSIONS 
The governing equations for fluctuating  MHD free 
convective heat and mass transfer flow of radiating and 
reacting fluid past a vertical porous plate considering 
the effect of slip conditions  were  formulated. The 
resulting partial differential equations were transformed 
into a set of ordinary differential equations using two-
term series and solved in closed-form. Our results are 
found in good agreement with Sharma (2005)  in the 
absence of chemical reaction, radiation and magnetic 
field  effects.  The conclusions of the study are as 
follows: 
 
(1)  The velocity increases significantly  with 
increasing modified Grashoff number as 
compared to Hartmann number. 
(2)  Velocity and skin-friction coefficient increase 
for generative chemical reactions. However, 
destructive chemical reactions have opposite 
effect on velocity and skin-friction coefficient. K.D. Singh and R. Kumar / JAFM, Vol. 4, No. 4, pp. 101-106, 2011.  
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(3)  The  Velocity  decreases  and  Nusselt  number                                                
increases with the increase of radiation 
parameter. 
(4)  Sherwood number increases and concentration 
decreases  for destructive chemical reactions. 
However,  generative  chemical reactions  have 
opposite effect on Sherwood number and 
concentration profiles. 
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